Previous studies have suggested that contingent negative variation (CNV), as recorded by electroencaphalography (EEG), may serve as an index of temporal encoding. The interpretation of these studies is complicated by the fact that, in a majority of studies, the CNV signal was obtained at a time when subjects were not only registering stimulus duration but also making decisions and preparing to act. Previously, we demonstrated that repetitive transcranial magnetic stimulation (rTMS) of the right supramarginal gyrus (rSMG) in humans lengthened the perceived duration of a visual stimulus (Wiener et al., 2010a), suggesting the rSMG is involved in basic encoding processes. Here, we report a replication of this effect with simultaneous EEG recordings during the encoding of stimulus duration. Stimulation of the rSMG led to an increase in perceived duration and the amplitude of N1 and CNV components recorded from frontocentral sites. Furthermore, the size of the CNV amplitude, but not N1, positively correlated with the size of the rTMS effect but negatively correlated with bias (the baseline tendency to report a comparison stimulus as shorter), suggesting that the CNV indexes stimulus duration. These results suggest that a feedforward mechanism from parietal to prefrontal regions mediates temporal encoding and demonstrate a dissociation between early and late phases of encoding processes.
Introduction
Temporal expectation, the ability to predict the onset of an upcoming stimulus, is intrinsically bound to the perception of temporal duration. Humans possess a remarkable ability to both react to upcoming stimuli and perceive duration across a wide range of timescales (Buhusi and Meck, 2005) ; however, the biological underpinnings of this ability have yet to be fully elucidated. Both expectation and temporal duration may be indexed by contingent negative variation (CNV), a slow cortical potential characterized by a developing negative polarity at frontocentral scalp locations (Walter et al., 1964; Macar and Vidal, 2004; Fan et al., 2007) . The CNV signal develops while a subject is either explicitly or implicitly encoding stimulus duration (Macar and Vidal, 2004; Praamstra et al., 2006) or expecting the temporally predictable onset of a cued imperative stimulus (Scheibe et al., 2010) .
Numerous studies have investigated the role of the CNV in explicit temporal processing (Macar and Vidal, 2004; Xuan et al., 2009; Tarantino et al., 2010) . A number of these studies suggest that CNV amplitude indexes a temporal accumulation process, with higher amplitudes associated with subjectively longer intervals (Macar et al., 1999 ; but see Kononowicz and van Rijn, 2011) . However, the majority of these studies have focused on activity during temporal comparison during which the subject must compare the currently elapsing duration with a memory representation and prepare a motor response. As such, CNV activity during this time period may reflect multiple processes (Ikeda et al., 1997) . The interpretation of CNV activity is further confounded by evidence suggesting an involvement in expectancy and preparatory processes .
Recently, we (Wiener et al., 2010a) demonstrated that repetitive transcranial magnetic stimulation (rTMS) of the right supramarginal gyrus (rSMG) selectively increased the perceived duration of a visual stimulus during temporal discrimination. The increase in perceived length did not depend on a motor response and occurred with stimulation during both the standard and comparison intervals, suggesting an involvement in temporal encoding processes. Although our results demonstrated that the rSMG stimulation modulates encoding of stimulus duration, they do not reveal possible downstream effects at distal neural sites.
In the present study, we further examined the effect of rTMS stimulation of the rSMG using simultaneous electroencephalographic (EEG) recordings. Subjects received stimulation before the onset of the standard stimulus, when temporal encoding is engaged. This allowed us to investigate the effects on subsequent components free from motor preparation and decision processes. We reasoned that, if the rSMG and the medial frontal structures that generate the CNV are part of the neural circuitry that encodes temporal duration, stimulation of the rSMG would lead to a prolongation of perceived duration, and this increase would be accompanied by a larger CNV amplitude during interval encoding. In contrast, if the CNV indexes other factors, such as memory or decision-making (Macar and Vidal, 2003; Kononowicz and van Rijn, 2011) , one would not expect rTMS to induce a change in CNV amplitude during temporal encoding.
Materials and Methods
Participants. Nineteen right-handed healthy volunteers (10 males, 9 females; mean age, 25 years; range, 21-35 years) who met inclusion criteria for rTMS participated in the experiment. All subjects gave their informed consent as approved by the University of Pennsylvania Institutional Review Board.
Baseline scaling. To maximize the effects of rTMS on behavior, we individually scaled task difficulty according to level of performance (Wiener et al., 2010a) . Before receiving rTMS, each subject performed a baseline temporal discrimination task. Temporal discrimination requires subjects to judge whether a comparison duration is longer or shorter than a standard duration presented on every trial. In this baseline testing, we used the parameter estimation by sequential testing (PEST) algorithm (Pentland, 1980 ) that provides a continuously updated maximum-likelihood estimate of the threshold for detecting a difference between the comparison and standard durations (Lieberman and Pentland, 1983) . With this procedure, the range and frequency of comparison stimuli are different for each subject, thus allowing task difficulty to be scaled to individual performance. We set the initial lower (LT) and upper (UT) thresholds to equal 50 and 150% of the standard interval duration, respectively. At the onset of each trial, subjects were presented with a fixation point for 1000 ms, followed by the presentation of a red square (4 ϫ 4 cm) for 600 ms (standard duration). After the target interval was reached, the red square extinguished for a 1 s interstimulus interval (ISI). A second red square was then presented for a variable duration of time (comparison duration) as determined by the maximum-likelihood procedure of the PEST algorithm. The initial stepsize for adjustments in the comparison duration was set to 15% of the standard duration for the first 20 trials and then to 5% for the remaining 40 trials. Subjects were required to indicate on a keyboard whether the second stimulus was shorter or longer than the first stimulus; the key mappings used for longer and shorter were counterbalanced between subjects. Once a response was detected, the next trial began immediately. All subjects were given 30 practice trials with a standard interval of 1000 ms and then completed 60 trials of the baseline task with the 600 ms standard duration. Subjects were not told the range of stimulus durations and were not given feedback regarding accuracy. Stimulus presentation and the PEST algorithm were performed using MATLAB (MathWorks) with the Psychophysics Toolbox extensions (Brainard, 1997) .
The probability of the subject making a "longer" response choice was plotted as a function of the comparison interval (for a demonstration of the technique, see Wiener et al., 2010a) . These data were then fit with a sigmoidal, psychometric curve using the psignifit version 2.5.6 software package (see http://bootstrap-software.org/psignifit/) for MATLAB, which implements the maximum-likelihood method described by Wichmann and Hill (2001a) . UTs and LTs, the approximate points at which the subject is 25 or 75% likely to judge the stimulus as longer, were calculated using the bias-corrected bootstrap method implemented by psignifit, based on 4999 simulations (Wichmann and Hill, 2001b) . The results of this analysis yield the point of subjective equality (PSE; the time value at which subjects were equally likely to judge the stimulus as longer or shorter) and the difference limen [DL; the difference between the UT (75%) and LT (25%) values]. A third measure derived from this procedure is the constant error term (CE; PSE Ϫ standard duration); this measure was included to index the subjective bias a subject may have in baseline responses. The CE provides an index of time-order error, with negative values indicating a bias to respond "longer" and positive values a bias to respond "shorter" (Hellström, 1985) .
Task design. For the stimulation task, subjects performed a temporal discrimination task similar to the one used during baseline testing ( Fig.  1) . At the onset of each trial, subjects viewed a fixation point for 1000 ms; on stimulation trials, subjects received a brief train of rTMS 500 ms into the fixation point. The stimulation parameters differ here from our previous study (Wiener et al., 2010a) in that, in our previous study, rTMS stimulation was concurrent with visual stimulus onset. We chose to stimulate earlier to remove any confounding effects from the TMS pulse on EEG recordings. The effect of a brief train of rTMS stimulation is suggested to last on the order of 1 s beyond the train (Berardelli et al., 1998) ; as such, we expected the effect of rTMS to persist during the standard stimulus presentation. The fixation point was followed by the presentation of a red square (4 ϫ 4 cm) for 600 ms. After a 2 s ISI, a second red square was presented for the comparison duration. After the comparison stimulus duration, subjects made a response using the same keys as during the baseline, which initiated the next trial; no response window was used. To scale performance, three durations were chosen for the comparison duration set for each subject: 600 ms and the individually determined UT and LT values for responding longer on the PEST temporal discrimination task. This procedure was used by centering the DL derived for each subject over the standard duration (mean UT ϭ 694 Ϯ 40 ms; mean LT ϭ 511 Ϯ 34 ms). After the second square extinguished, subjects were again required to indicate on a keyboard whether the second stimulus was shorter or longer than the first stimulus; the same key mappings for longer and shorter as in the baseline testing were used for each subject. A single session consisted of 180 trials, with 60 trials for each trial type. Subjects received rTMS stimulation on half of the trials in a given session (90 trials) with 30 trials for each presentation condition. Figure 1 . Schematic of the experimental design. Subjects viewed a fixation point for 1000 ms; on TMS trials, subjects received a 200 ms burst of 10 Hz stimulation. After the fixation point, a red square standard stimulus was presented for 600 ms. After a 2000 ms ISI, subjects viewed a comparison stimulus either 600 ms or a longer or shorter duration individually determined by the DL of baseline responses. Event-related potential (ERP) triggers were coincident with the onset of the standard and comparison stimuli. Subjects were required to indicate with a key press whether they judged the comparison stimulus as longer or shorter than the standard stimulus.
Subjects participated in two separate sessions on 2 different days with different stimulation sites on each day. rTMS stimulation. Stimulation was administered with a Magstim Rapid magnetic stimulator connected to a figure-of-eight air-cooled coil with a diameter of 70 mm. Motor thresholds (MTs) were collected for each subject by determining the stimulation output that elicited a motor response from the contralateral hand on at least 50% of pulses. The EEG cap introduced a small gap (7 mm) between the coil and scalp surface; as such, all MT measures were taken after the cap and electrodes were applied. Stimulation remained at this output for the remainder of the experiment.
We used Brainsight Stereotaxic Frameless Software (Rogue Research) to target brain sites for stimulation. A high-resolution MPRAGE image was obtained for each subject and used to construct a three-dimensional image of the subject's brain. A Polaris optical tracking system (Northern Digital) was used with Brainsight to coregister the subject's brain and coil. The anterior aspect of the rSMG, as well as a site in the midline occipital (Mid-Occ)-parietal junction, was identified for each subject (average Talairach coordinates of rSMG: 55, Ϫ30, 40; Mid-Occ-parietal junction: 0, Ϫ74, 48; Fig. 2) ; the midline site was chosen to serve as a control site for nonspecific effects of rTMS. The location on the EEG cap of stimulation was approximately over CP6 and Pz for rSMG and Mid-Occ-parietal junction stimulation, respectively; this choice of electrode sites for stimulation of our cerebral anatomic regions of interest corresponds to recent work exploring cranio-cerebral correlates (Koessler et al., 2009 ). Subjects were stimulated at 100% of their MT with three pulses of rTMS at 10 Hz (ϳ50 s pulse, 100 ms interpulse interval). Stimulation was elicited with a custom script, written in E-Prime (Psychology Software Tools). Subjects sat with their heads in a chin rest to restrict movement. All subjects wore earplugs to reduce noise from coil stimulation.
Behavioral analysis. Subject performance was assessed by examining the proportion of trials on which subjects responded "longer" at each comparison duration on both TMS and non-TMS trials. A 2 ϫ 2 ϫ 3 repeated-measures ANOVA with brain region (rSMG, Mid-Occ), stimulation (TMS, non-TMS), and duration (LT, 600 ms, UT) as withinsubjects factors was conducted. Post hoc tests of specific effects were evaluated with paired t tests. A covariate for CE was also included to control for the effects of response bias; although all subjects confirmed that they understood the instructions and performed a practice version of the task before baseline, responses biases could still exist in the data. For example, subjects could be biased to respond "shorter" across all duration lengths. Because the effect of rTMS was hypothesized to induce a shift in the perceived duration of the standard interval, this effect may be confounded by bias. We therefore included the bias covariate to measure the response to rTMS independent of bias.
EEG recording. Continuous EEG data were recorded by a highimpedance BioSemi Active-Two system with a 32-channel montage of Ag/ AgCl active electrodes embedded in an elastic cap according to the 10 -20 international system. An additional montage of four facial EMG electrodes was used to aid in the detection in eye blinks and saccades. Data were recorded with a sampling rate of 512 Hz. Electrode offset was kept between Ϫ20 and ϩ20 V during all recording sessions. The BioSemi Active-Two system has been used previously for TMS-EEG (LevitBinnun et al., 2010) and was designed to accommodate the effects of rTMS with a high dynamic range, preventing the electrodes from becoming saturated by the magnetic artifact generated by the TMS pulse. To minimize the scalp-to-coil distance, the electrode(s) underneath the coil were removed as necessary during both MT estimation and experimental sessions; missing electrodes were spline interpolated to provide full coverage of all 32 electrodes (Murray et al., 2008) . All subjects were instructed to avoid blinking during the experimental session; subjects were allowed to blink during the response period after the comparison stimulus presentation. Visual inspection of the data after recordings verified that subjects understood this instruction, because majority of blinks occurred after the comparison duration or during the ISI.
EEG analyses. After data acquisition, continuous data for each subject were offline bandpass filtered between 30 and 0.01 Hz and referenced to the common average of all available channels. Channels with excessive noise or artifacts that could not be interpolated were removed from additional analyses (n ϭ 11). Ocular artifacts resulting from eyeblinks were removed by designing a spatial filter for artifact components (Pfleiger, 2001 ; www.sourcesignal.com/papers.html), implemented in EMSE (Source Signal). A similar technique was used for removing artifacts resulting from rTMS stimulation. The artifact elicited by the TMS pulse is characterized by a high-amplitude event with an exponential return to baseline, lasting on the order of 5-20 ms (Walsh and PascualLeone, 2003; Veniero et al., 2009 ). Although our temporal window of interest was beyond the alleged reach of artifact saturation, we sought to minimize the impact on EEG analysis. We designed spatial filters for each subject by using a method for temporally constrained independent component analysis (ICA). ICA has been used in EEG research for eye-blink artifact removal (Jung et al., 2000) and has been used previously for the removal of TMS artifacts (Iwahashi et al., 2009; Hamidi et al., 2010; Korhonen et al., 2011 ; for a similar approach using principal component analysis, see Levit-Binnun et al., 2010) . Temporally constrained ICA was conducted by visual inspection of the continuous EEG data to identify a subset of the data containing only the artifact and a second subset with clean data. The corresponding spatial filter ( F) used for artifact removal has the form:
, where C represents the 32 ϫ 32 covariance matrix for all electrode channels identified in the subset of clean data, and U represents the artifact subspace. C ϩ1/2 and C Ϫ 1/2 represent the respective symmetric and inverse symmetric square root of C, obtained by singular value decomposition. As such, the inverse symmet- ric square root spatially whitens the data by the clean subset, whereas the symmetric square roots spatially unwhitens the output. The result thus accentuates artifact-containing data while attenuating clean EEG data. Because of the large-amplitude difference between artifact and clean datasets, components resulting from TMS were easily distinguishable from those with clean data. Components resulting from the TMS artifact were identified and spatially filtered from the continuous data, reducing both the TMS artifact and resulting high-amplitude noise (for a demonstration of the technique, see Iwahashi et al., 2009) .
After artifact correction, continuous data were separately epoched with respect to the onset of the standard and comparison stimuli (Ϫ100 ms prestimulus onset to 1000 ms poststimulus onset). All epochs were baseline and DC corrected to the mean of the 100 ms prestimulus interval. Trials with voltage Ϯ90 V from baseline were discarded. To interrogate the CNV signal, grand-averaged waveforms across subjects were constructed for frontocentral electrode sites (Fz, Cz, FC1, FC2) , in which the CNV signal is reported to be maximal (Macar and Vidal, 2004; Brunia et al., 2011) . To identify measurement windows, we used global field power (GFP; Lehmann and Skrandies, 1980) , calculated as the root mean square of the amplitude difference across all electrodes. GFP thus provides a polarity and reference-free measure of the electrical field (Murray et al., 2008) . Using the GFP from the non-TMS trial data for both stimulation sites, we identified two distinct peaks of GFP activity. We thus divided our analyses between "early" (50 -180 ms) and "late" (280 -740 ms) EEG responses. When projected back onto the referenced data, the early time window encompassed the N1 visual onset response, whereas the late time window encompassed the CNV. This technique has been used previously to identify the CNV time window during time perception ; furthermore, we note that the onset of the late time window corresponds to those used by previous studies of the CNV during standard duration encoding Le Dantec et al., 2007; Chen et al., 2010) .
Correlational analyses. To evaluate the effect of rTMS at the individual level, we conducted correlational analyses between the behavioral effects of rTMS and changes in CNV amplitude. For behavioral analyses, we calculated the mean difference in the proportion of longer trials, collapsed across duration length [P( L) non-TMS Ϫ P( L) TMS ]. For EEG analyses, we calculated the mean difference in EEG amplitude for early and late measurement windows (EEG TMS Ϫ EEG non-TMS ).
Results

Behavioral results
Similar to our previous results (Wiener et al., 2010a) , rTMS produced a prolongation of the perceived duration of the standard stimulus (Fig. 3a) . A repeatedmeasures ANOVA revealed a significant effect of stimulation (F (1,17) ϭ 21.594, p ϭ 0.0002), characterized by a reduction in the proportion of trials on which subjects judged the second stimulus as longer. Post hoc tests demonstrated that rTMS decreased the proportion of longer responses for the comparison stimulus in the shorter (t (18) ϭ Ϫ2.534, p ϭ 0.021) and longer (t (18) ϭ Ϫ2.816, p ϭ 0.011) for the rSMG stimulation condition only, with no other effects being significant (all p Ͼ 0.05); however, we note that we did not detect an overall interaction between stimulation and brain region (F (1,17) ϭ 2.681, p Ͼ 0.05). This is likely attributable to a lack of effect in the equal condition when the standard and comparison stimuli were the same duration. We detected no main effect of brain region (F (1,17) ϭ 0.757, p Ͼ 0.05) or interaction with duration length (F (2,34) ϭ 0.761, p Ͼ 0.05). Additionally, we discovered a significant interaction with stimulation and our bias covariate (F (1,17) ϭ 6.262, p ϭ 0.023). Post hoc tests demonstrated a continuous effect of bias; larger baseline constant-error values (indicating positive time-order error and an inherent bias to respond "shorter" for comparison stimuli) were associated with a smaller effect of stimulation. This was manifested as a positive correlation between the mean difference in responding "longer" for rTMS and CE (Pearson's r ϭ 0.466, p ϭ 0.044); notably, this effect was only found for rSMG and not Mid-Occ stimulation (r ϭ 0.28, p Ͼ 0.05) (Fig.  3b) . Positive time-order errors in the present study may relate to adaptation-level effects resulting from the use of the same visual stimulus for both standard and comparison or to the inclusion of a fixation point before standard stimulus onset. In addition, we tested for a relationship between baseline bias and variance. Previous studies suggest that, when sensory evidence is noisier, subjects rely more on internal estimates that are more subject to bias (Jazayeri and Shadlen, 2010) and may increase variability (Cicchini et al., 2012) . We compared CE values with our measure of variance (DL) derived from baseline testing; no correlation between CE and DL values was found (r ϭ Ϫ0.15, p Ͼ 0.05). Additionally, a linear regression test on the effect of CE and DL on the behavioral data found no mediating effect of variance on the either rSMG (t (18) ϭ Ϫ0.299, p Ͼ 0.05) or Mid-Occ (t (18) ϭ Ϫ0.572, p Ͼ 0.05) stimulation. This finding confirms the independence of bias and variance on timing behavior (Cicchini et al., 2012) and further suggests that the behavioral effect of TMS was not influenced by baseline variability.
To rule out the effect of response hand, a separate ANOVA was conducted with the hand for responding "longer" as a between-subject factor. No main effect of hand (F (1,17) ϭ 0.156, p Ͼ 0.05) was detected or any interaction with experimental variables (all p Ͼ 0.05). Also, to rule out a difference in responding between days, we conducted a separate analysis on the non-TMS trials alone; no significant differences between day of stimulation Figure 3 . Behavioral effect of stimulation on temporal discrimination. a, Subjects exhibited a significant decrease in the proportion of trials on which they judged the second stimulus as longer on rTMS trials (*p Ͻ 0.05). b, Correlation coefficients between CE, derived from baseline procedures indicating bias, and mean behavioral effect; larger CE scores indicate an inherent bias to judge comparison stimuli as shorter. rTMS effects were calculated as the mean difference in responding "longer" across duration lengths. Subjects with larger positive CE scores were less likely to see an effect of rSMG stimulation.
(first or second) was found (F (1,17) ϭ 1.961, p ϭ 0.179) or interaction with duration (F (1,17) ϭ 0.755, p Ͼ 0.05).
We also tested for the effect of rTMS click trains on the behavioral responses. Previous reports have demonstrated that a series of rapid auditory clicks can induce longer estimations of perceived intervals (Penton-Voak et al., 1996) . The discharge of the rTMS unit in our paradigm elicited a click for each pulse, which may have influenced the observed effect; indeed, in our previous report, stimulation of the vertex induced a shift similar to but smaller than right rSMG stimulation. Previous investigations on the effect of click trains demonstrated that the loudness of the clicks increases the size of the perceptual shift, suggesting an impact on arousal mechanisms (Burle and Casini, 2001 ). In the present study, the level of TMS stimulation was scaled to the individual MT; higher MTs are associated with louder clicks during rTMS. Therefore, the effect of click trains constituted a natural experiment within our study that would permit us to explore the effect of click loudness. When MT was included as a covariate, an interaction with the effect of rTMS was found only for MidOcc (F (1,17) ϭ 8.988, p ϭ 0.008) and not rSMG (F (1,17) ϭ 0.07, p Ͼ 0.05) stimulation. The effect for control site stimulation was also continuous, with higher MT values associated with larger shifts in reporting the second stimulus as shorter (Pearson's r ϭ Ϫ0.588, p ϭ 0.008). This finding suggests that the effect of click trains did influence the behavioral effect of rTMS but that the effect was restricted to control site stimulation. Furthermore, this finding demonstrates that, in addition to task difficulty, individual differences in the impact of click trains on timing ability were also scaled between subjects. Notably, when we included both the bias and MT covariates in our original analysis, thus controlling for the influence of each parameter, we detected a significant brain region by stimulation interaction (F (1,16) ϭ 4.553, p ϭ 0.049), suggesting that the effect of rSMG stimulation on behavior was not attributable to the influence of subject bias and click trains.
EEG results
We examined both standard and comparison stimulus interval waveforms (Fig. 4a) . Consistent with previous reports, grandaveraged waveforms constructed for both visual stimuli exhibited sustained negative potentials that were maximal at frontocentral sites (Fig. 4b) . To examine the effect of rTMS on CNV amplitude, we first ruled out any effect of rTMS on the CNV waveforms during the comparison stimulus interval, for which we predicted no effect of rTMS. A repeated-measures ANOVA with Greenhouse-Geiser correction on the mean amplitude measures collapsed across frontocentral sites revealed no main effect of brain region (F (1,18) ϭ 0.109, p Ͼ 0.05), stimulation (F (1,18) ϭ 0.0005, p Ͼ 0.05), or interaction (F (1,18) ϭ 0.025, p Ͼ 0.05), indicating that rTMS effects did not extend into the comparison stimulus duration. A significant main effect of measurement window was detected, with the CNV portion exhibiting higher negative amplitudes than the early N1 portion (F (1,18) ϭ 29.803, p ϭ 0.00002), consistent with previous data (Chen et al., 2010) . No other interactions were significant (all p Ͼ 0.05). A second analysis demonstrated no difference in either measurement window in non-TMS conditions between the days of stimulation (all p Ͼ 0.05).
For the standard stimulus duration, we did not detect a main effect of brain region (F (1,18) ϭ 1.793, p Ͼ 0.05) or stimulation (F (1,18) ϭ 2.458, p Ͼ 0.05); however, we did detect a brain region ϫ stimulation interaction (F (1,18) ϭ 5.046, p ϭ 0.037). Stimulation of the right rSMG, but not the Mid-Occ region, induced a large deviation in both the N1 and CNV components of the early and late measurement windows, characterized by significantly higher negative amplitudes (Fig. 4a) . Similar to the comparison stimulus, negative amplitudes were larger during the CNV portion than the early N1 portion (F (1,18) ϭ 9.883, p ϭ 0.03), but no interaction with brain region, stimulation, and measurement window was detected (F (1,18) ϭ 0.023, p Ͼ 0.05), indicating that the effect of rSMG stimulation was not larger for one window. A second analysis demonstrated no difference in either measurement window in non-TMS conditions between the day of stimulation (all p Ͼ 0.05).
Correlation results
We reasoned that, if rTMS induces a change in performance on the duration judgment task and this change is indexed by the CNV, one would expect a correlation between the tendency to respond "longer" and the magnitude of the CNV differences between rTMS and non-rTMS trials. Consistent with this prediction, we found a significant correlation between the size of the difference in the late measurement window waveforms and the difference in behavioral performance for rSMG stimulation across subjects (Pearson's r ϭ 0.526, p ϭ 0.021) (Fig. 5a) . A significant Spearman's nonparametric correlation was also found, indicating that the result was not attributable to outliers (Spearman's ϭ 0.476, p ϭ 0.04). A similar analysis for Mid-Occ stimulation did not reveal a significant correlation (Pearson's r ϭ 0.016, p Ͼ 0.05; Spearman's ϭ Ϫ0.004, p Ͼ 0.05) (Fig. 5d) . Furthermore, a significant correlation was not found for the early measurement window, encompassing the N1 waveform, and behavioral performance for either rSMG (Pearson's r ϭ 0.273, p Ͼ 0.05; Spearman's ϭ 0.395, p Ͼ 0.05) (Fig. 5b) or Mid-Occ (Pearson's r ϭ 0.009, p Ͼ 0.05; Spearman's ϭ Ϫ0.125, p Ͼ 0.05) stimulation (Fig. 5c) , indicating that the effect was specific to the late measurement window and the CNV waveform. Thus, the data demonstrate that, for rSMG stimulation, subjects who showed the largest increase in CNV amplitude between stimulation and no-stimulation trials also showed the largest decrease in reporting the second stimulus as longer.
We additionally calculated scalp topographies to investigate the spatial extent of rTMS-induced correlations by measuring the same correlation at other electrode sites. The results of this exploratory analysis revealed that the positive correlation between behavioral shifts and CNV amplitude resulting from rTMS was maximal at the frontocentral sites of interest, at electrode Cz (Fig.  5e) . Furthermore, we found a negative correlation for left parietal electrodes, maximal at CP5 (Pearson's r ϭ Ϫ0.624, p ϭ 0.004; Spearman's ϭ Ϫ0.532, p ϭ 0.019) (Fig. 6a) , and within the early measurement window (uncorrected for multiple comparisons). Accordingly, this negative correlation demonstrated that subjects who showed little or no behavioral differences resulting from rTMS exhibited an increase in negative amplitude at these sites. Although the effect was outside our hypothesized region of interest, waveforms at this site exhibited an increase in negative amplitude during the early measurement window (Fig. 6b) . However, no significant difference between TMS and no-TMS was detected during this time period (t (18) ϭ 1.642, p Ͼ 0.05); therefore, we stress caution in the interpretation of this finding.
Because bias modulates the effect of rSMG stimulation, an effect of bias should also be present on the CNV if this waveform serves as an index of temporal encoding. We subsequently reanalyzed our EEG data to include the bias covariate; consistent with our behavioral analysis, we found a three-way interaction between brain region, stimulation, and bias (F (1,17) ϭ 5.317, p ϭ 0.034) during the standard interval encoding. Specifically, we found a significant positive correlation (Pearson's r ϭ 0.447, p ϭ 0.055; Spearman's ϭ 0.536, p ϭ 0.018) between our bias covariate and the difference in amplitude for rSMG stimulation in the late measurement window; larger inherent bias to judge the second stimulus as shorter was associated with a smaller difference in CNV amplitude between stimulation conditions. No significant effects were found for the early measurement window, variance measures, or for either window after Mid-Occ stimulation (all p Ͼ 0.05). . a, Grand-averaged waveforms for all subjects, averaged across frontocentral scalp recording sites for standard and comparison stimulus presentations in rTMS and non-rTMS conditions for rSMG and Mid-Occ-parietal junction (Mid) stimulation sites. Shaded areas represent the measurement windows derived from global estimates and encompass early and late processing components. rSMG stimulation trials demonstrated a significantly larger negative amplitude N1 and CNV during standard stimulus presentation; no changes were detected for comparison stimulus presentation in either condition. Comparison stimulus waveforms are depicted for the average of all three comparison durations. Negativity is plotted upward. b, Scalp topographies for both the early and late measurement windows for both stimulation conditions. Negativity was maximal at frontocentral sites.
Discussion
Stimulation of the rSMG 500 ms before the onset of the standard visual stimulus in a temporal discrimination task reduced the proportion of trials on which the comparison was judged to be longer. This pattern of performance suggests that rTMS causes the subsequently encoded interval to be perceived as longer (Wiener et al., 2010a ). Additional analyses demonstrate that the effect is not attributable to confounds such as response bias and click-train intensity. Grand-averaged waveforms at frontocentral recording sites during the presentation of both the standard and comparison stimuli were characterized by two negative peaks: one occurring early after stimulus onset and peaking at ϳ155 ms and a second sustained negative response occurring at 280 ms. These two time windows correspond, respectively, to the visual N1 and CNV components (Brunia et al., 2011; Pratt, 2011) . Crucially, rTMS to the rSMG induced significantly larger negative amplitudes in both the early (N1) and late (CNV) measurement windows. Moreover, the size of the increase in CNV, but not N1, amplitude correlated with the size of the reduction in judging the second stimulus as longer. Although previous investigations (Macar et al., 1999) have noted a correlation between CNV amplitude and perceived duration length, this finding has been difficult to replicate . This difficulty may stem from the use of the CNV amplitude as an absolute measure; because of substantial variability in CNV amplitude (Kropp et al., 2000) , we contrasted the CNV amplitude across different conditions, thereby enhancing sensitivity. Additionally, we assessed CNV amplitude during the standard stimulus rather than the comparison stimulus, because measurements taken during the latter interval may be confounded by decision-making or motor preparation. Our results provide for the first time an example of rTMS-induced changes in CNV amplitude that correlate with duration judgments.
Our data are consistent with influential models of temporal processing (Gibbon et al., 1984; Zakay and Block, 1995) that incorporate an internal "clock" consisting of a pacemaker that generates pulses or beats, an accumulator that tracks the number of beats, as well as decision-making and memory components. In recent years, the supplementary and presupplementary motor areas (hereafter SMAs) have emerged as a strong candidate for the neural locus of the accumulator mechanism (Casini and Vidal, 2011) . Several lines of evidence support this claim. First, fMRI activation within the SMAs increases monotonically during the encoding of temporal duration (Rao et al., 2001; Wencil et al., 2010) . Second, BOLD activity within the SMAs has been found to positively covary with CNV amplitude (Nagai et al., 2004) . Third, single-cell recordings in the SMAs in monkeys exhibit ramping firing-rate patterns during temporal encoding (Mita et al., 2009) . Finally, the SMAs exhibit a high likelihood of activation across all explicit time perception tasks (Wiener et al., 2010b) .
The finding that stimulation of the rSMG alters the CNV, a waveform generated at least in part by the SMAs, suggests that the rSMG and SMAs are closely interconnected components of the distributed neural system that mediates temporal processing. Indeed, there is both anatomic (Eickhoff et al., 2010) and physiologic (Battelli et al., 2007) evidence of interactions between the rSMG and SMA. Furthermore, neuroimaging studies using simultaneous fMRI and EEG also demonstrate that parametric variations in CNV amplitude, which activate the SMAs, also include a frontoparietal network of structures encompassing the right inferior parietal lobe (Nagai et al., 2004; Scheibe et al., 2010) .
One might envision at least two mechanisms by which rSMG stimulation leads to a change in temporal processing in the SMAs. First, neurons in the rSMG may serve as the pacemaker for the internal clock; rTMS would thus increase the firing rate of the pacemaker, leading to a larger number of pulses entering the accumulator, subserved by the SMAs, and a longer judgment of duration. The resultant increase in accumulation in the SMAs would manifest as a larger-amplitude CNV. Alternatively, on the basis of studies demonstrating that temporal processing is influenced by attention (Zakay and Block, 1995) , one might speculate that the rSMG serves as an attentional "gate" that modulates input to the accumulator, subserved by the SMAs.
An additional finding in the present study is that rSMG stimulation induced an increase in amplitude during the early (N1) time window. Several previous studies have noted changes in the N1 response during temporal discrimination and attention tasks (Bendixen et al., 2005; Correa and Nobre, 2008; Chen et al., 2010 ). These studies demonstrate that the N1 effect is enhanced when subjects attend to temporal features or judge stimuli to be longer. Consistent with this finding, the visual N1 component has commonly been associated with attentional orienting (Vogel and Luck, 2000) . In the present study, the N1 effect at frontocentral electrodes did not correlate with duration judgments. This suggests that the enhancement of the early N1 reflects a general increase in the attentional allocation to time, whereas the late CNV reflects the accumulation of temporal information toward an estimate of duration. This finding is consistent with the suggestion that attention to time and temporal accumulation are separate processes, with attention influencing the subsequent level of accumulation. In conjunction with the effect on CNV amplitude, we suggest that the combination of N1 and CNV effects implicates the rSMG in the attentional allocation of resources to time and that this mechanism is accomplished by functional connectivity between this region and the SMAs. Consistent with this notion, parietal activity commonly precedes frontal activation when directing attention (Green and MacDonald, 2008) and prefrontal-parietal coactivations, including the SMAs, are essential for sustaining attention (Ojeda et al., 2002) .
The dissociation between early and late effects also demonstrated a differential effect of the early response window at a region outside the frontocentral cluster of interest. We found a negative correlation with duration judgments; larger amplitudes at CP5 after rTMS were associated with less of a behavioral effect. One possibility, then, is that variability in the EEG response to rTMS in the present study represents individual differences in strategy. Because the left hemisphere has been associated with implicit temporal attention (Coull and Nobre, 2008; Wiener et al., 2010c) , differences at this site may reflect changes in attentional orienting to temporal features. However, we note there were no significant differences in the mean amplitude between conditions at this site, and so this effect must be interpreted with caution.
A second novel finding of the present study is the modulation of behavioral and EEG results by bias, as derived from the baseline psychometric task. Decision bias in time perception may take the form of positive or negative time-order errors, in which the subject displays an inherent predilection to judge the comparison stimuli as shorter or longer, respectively (Hellström, 1985) . Most subjects in our study displayed some form of bias, with the majority of subjects exhibiting a positive time-order error, indicating a preference to judge the comparison stimulus as shorter across all interval variations. We found that subjects who were strongly biased to judge the second stimulus as shorter do not show as large an effect as those with less bias. We note that one possibility for this difference is that subjects with greater inherent bias rely less on sensory evidence in generating temporal estimates (Jazayeri and Shadlen, 2010) . Therefore, parietal stimulation may have little effect in those subjects if rTMS led to a disruption of sensory encoding.
Additionally, EEG analyses demonstrated an effect of bias. We found that, for the CNV, but not N1, larger positive bias scores were associated with smaller differences induced by rSMG stimulation. This finding is also consistent with the hypothesis that the CNV serves as an index of temporal encoding. Previous studies have demonstrated that the CNV signal covaries with the probability of an upcoming decision (Scheibe et al., 2010) , suggesting that the CNV is influenced by previous expectations. Bias to judge the comparison stimulus as short is thus likely reflected in the CNV signal if it represents an index of the temporal accumulation. Two hypothetical neural mechanisms for the influence of bias have been suggested, with bias influencing either the starting point of accumulation or the drift rate to a threshold boundary (Diederich and Busemeyer, 2006) . Because the influence of bias on the starting point would occur early in stimulus encoding and we found no effect of bias on N1, this seems an unlikely account for our data. Our data are more consistent with the notion of a change in drift rate, as hypothesized recently by Simen et al. (2011) .
Conclusions
We demonstrate that rTMS-induced alterations in CNV amplitude index the state of temporal encoding, with larger amplitudes associated with longer perceived durations. These results are independent of changes in decision-making, bias, click trains, and motor preparation and occur at the late stage of temporal encoding rather than the initial registration of a visual event. We propose that temporal encoding of subsecond intervals entails the attending of sensory information by association cortices. By virtue of connections between these cortices and the SMAs, this input is integrated to generate a representation of duration, which can be indexed by changes in the CNV.
